The modifier of mdg4, mod(mdg4), locus in Drosophila melanogaster represents a new type of complex gene in which functional diversity is resolved by mRNA trans-splicing. A protein family of Ͼ30 transcriptional regulators, which are supposed to be involved in higher-order chromatin structure, is encoded by both DNA strands of this locus. Mutations in mod(mdg4) have been identified independently in a number of genetic screens involving position-effect variegation, modulation of chromatin insulators, apoptosis, pathfinding of nerve cells, and chromosome pairing, indicating pleiotropic effects. The unusual gene structure and mRNA trans-splicing are evolutionary conserved in the distantly related species Drosophila virilis. Chimeric mod(mdg4) transcripts encoded from nonhomologous chromosomes containing the splice donor from D. virilis and the acceptor from D. melanogaster are produced in transgenic flies. We demonstrate that a significant amount of protein can be produced from these chimeric mRNAs. The evolutionary and functional conservation of mod(mdg4) and mRNA trans-splicing in both Drosophila species is furthermore demonstrated by the ability of D. virilis mod(mdg4) transgenes to rescue recessive lethality of mod(mdg4) mutant alleles in D. melanogaster.
T HE majority of genes in higher eukaryotes repreencoded by the four 5Ј-exons but differ in their C-terminal region encoded by alternative 3Ј-exons. This kind sents monocistronic units where noncoding intron regions interrupt the protein-coding exon sequences.
of trans-splicing clearly differs from splice leader transsplicing that predominates in Caenorhabditis and TryThe resulting mature mRNA usually encodes a unique panosomes where polycistronic transcripts are resolved polypeptide. Recent advances in genome analysis of sevby addition of noncoding leader sequences (Blumeneral model organisms and the molecular characterizathal 1998). Mutational dissection and differential bindtion of a large number of genes revealed that alternative ing of Mod(mdg4) isoforms on polytene chromosomes pre-mRNA splicing is one of the main mechanisms gensuggest that the variable C-terminal regions encoded by erating a highly expanded proteome diversity. Thus, any of the alternative 3Ј-exons determine functional protein families with slightly different isoforms or even specificity. Specific Mod(mdg4) isoforms are supposed proteins with unrelated functions can be produced from to be involved in control of heterochromatic gene sisingle or multiple promoter elements within one gene lencing, regulation of homeotic genes, function of chro-(for review, see Graveley 2001; Maniatis and Tasic matin insulators, nerve cell pathfinding, induction of 2002). Regulatory integration of different transcriptional apoptosis, and control of meiotic processes (Dorn et units is found in gene complexes like Hox genes, hemoal. 1993; Gerasimova et al. 1995; Harvey et al. 1997; globin genes, or immunoglobin genes. This organizaGorczyca et al. 1999; Bü chner et al. 2000) . Genomic tion reflects clustering of genes with related functions.
structure and transgene analysis demonstrate the speWith mod(mdg4) a new type of functional clustering has cific functional organization of the complex mod(mdg4) been discovered in Drosophila. This complex locus enlocus (Dorn et al. 2001) . Mature mod(mdg4) transcripts codes Ͼ30 isoforms generated by mRNA trans-splicing are generated by a trans-splicing mechanism combining (Bü chner et al. 2000; Dorn et al. 2001 ; Krauss and one primary transcript comprising the common four Dorn 2004). Protein isoforms produced by mod(mdg4) 5Ј-exons with another transcription unit contributing contain a common 402-amino-acid N-terminal region one of the alternative 3Ј-exons. A comparably complex gene structure was also described for a number of other genes in Drosophila, including Broad, tramtrack, indicate the chromosomal location of the transgene. The ge-1991; Read and Manley 1992; Soeller et al. 1993 ; Madnomic 6.8-kb Not I-XbaI fragment exclusively containing the den et al. 1999) . Interestingly, in addition to mod(mdg4), common exons 1-4 was cloned into pW8 and one second mRNA trans-splicing was recently reported for the lola chromosomal transgenic semilethal line was established.
locus (Horiuchi et al. 2003) . Another unique characterTransformation of D. melanogaster was performed as described by Rubin and Spradling (1982) .
istic of these genes is that they all encode BTB/POZ bining independent transcription units in a regulated Drosophila strains and crosses: mod(mdg4) mutant alleles are manner.
described in Bü chner et al. (2000) . The allele mod(mdg4) 07/351 In working toward a better understanding of the was obtained from M. Frasch. Other strains are described in mod(mdg4) complex structure and the underlying con- Lindsley and Zimm (1992 6.8kb Not I-XbaI) using the TRIzol reagent (Invitrogen). PCR recombinant -clone Dv3-2 was isolated in a second library primers were selected for intron spanning using the GeneRunscreen with the help of a probe deduced from Dv2-1.
ner software (Hastings Software). The primer sequences are The GenBank/EMBL accession number of the D. virilis rp49-fwd, 5Ј-TGTCCTTCCAGCTTCAAGATGACCATC-3Ј; mod(mdg4) genomic sequence is AJ586737.
rp49-rev, 5Ј-CTTGGGCTTGCGCCATTTGTG-3Ј; mel-comConstruction of transgenic lines: The 11.5-kb genomic infwd, 5Ј-TTCTTCCGCAAGATGTTCACTCAGATG-3Ј; mel-comsert of clone Dv2-1 was cloned into the unique Not I site of rev, 5Ј-TGAATTGGATGAGGTCCTTCAGCG-3Ј; vir-com-fwd, the P-transformation vector pW8 (Klementz et al. 1986) . After 5Ј-CGCACCGTTTGGTGTTGTCTGTCTGC-3Ј; vir-com-rev, transformation, three independent transgenic lines (chromo-5Ј-CTTATCAGGTCCTTCAATGCCGAATGGC-3Ј; mel-specsomes 1, 2, and 3) were obtained. dent recombinant -clones were isolated and restricted, The genomic structure of the mod(mdg4) locus in D.
among other endonucleases, with SalI. All recombinant melanogaster and D. virilis is highly conserved: Recently, clones contained a 0.5-kb SalI restriction fragment, which we described the genomic structure of the mod (mdg4) is also present in the common exon 4 of D. melanogaster locus in D. melanogaster. The structural organization of mod(mdg4). Sequence analysis of the cloned fragment this complex locus is unusual because both DNA strands revealed a significant sequence conservation within this are used as coding strands and independent transcripts coding region. Subsequently, we sequenced the genoare combined via mRNA trans-splicing (Dorn et al. 2001 -58.0, and -67.2 , respectively. The forward primer corresponds to the putative common exon 4 and the backis significantly less abundant and restricted to ‫52ف‬ re- ward primers are isoform-specific primers hybridizing and variable, isoform-specific C termini encoded by alternatively spliced exon 5 or exons 5 and 6 (Bü chner downstream of the putative open reading frames (ORF). The resulting fragments were sequenced and the preet al. 2000) . Comparison of the common region ( Figure  3 ) reveals a strong conservation (82% identity). The dicted ORFs and the alternative splice sites were verified. The exon/intron structure of the common 5Ј-region N-terminal BTB/POZ domain is identical in both species. Within the remaining common protein part (amino has been determined by RT-PCR with a forward primer deduced from the first coding exon and a backward acids 121-413) only a small number of amino acid replacements (in most cases conservative ones) are presprimer deduced from exon 4. , which detects all Mod(mdg4) specific C-terminal regions of five Mod (mdg4) Figure 2 ). This 11.5-kb genomic NotI fragment is expected to produce these five D. sequence. However, also in these cases the specific C termini are significantly conserved (45 and 51% idenvirilis Mod(mdg4) protein isoforms, but not the Mod (mdg4)-62.3 because both the trans-splice site and a tity, respectively). These results support our view that the different orthologous Mod(mdg4) protein isoforms putative promoter driving its expression are not included. This prediction was confirmed by RT-PCR exhave individual functions, which are conserved in both Drosophila species. A comprehensive evolutionary analperiments with two independent transgenic lines. (mdg4) 07 is embryonic lethal and was shown to contain substitutions of two conserved amino acids, which are expected to be involved in dimerization, within the BTB domain (D35N and G93S) (Read et al. 2000) . This might indicate an antimorphic nature of this mutant allele.
We did not find significant differences, whether one copy of the transgene is inherited maternally (Table 1) or paternally (data not shown). However, if two copies of the second chromosomal transgene are inherited, one maternal and one paternal, homozygous mod(mdg4) 02 flies are completely rescued (106.7% vs. 26.6% in the case of one maternal copy). This indicates dosagedependent effects of the transgene. We also did not observe significant differences in rescue ability of female and male offspring, except in crosses with mutant allele mod(mdg4) R32 . In these crosses, the number of trans-heterozygous female offspring is significantly reduced compared to offspring males.
To determine if mutant rescue depends solely on the expression of the transgene-encoded D. virilis mod(mdg4) isoforms or if interspecies mRNA trans-splicing is involved, we constructed the P(w ϩ Dv mod(mdg4) 6.8kb NotI-XbaI) D. virilis transgene. This transgene exclusively encodes the common exons 1-4. Therefore, functional Mod(mdg4) proteins can be produced only via trans- splicing. Complementation analysis with a second chromosomal transgene revealed that this transgene also partially rescues recessive lethality (Table 1 ). This result suggests that proteins encoded from chimeric transcripts facilitate mutant rescue. However, the number of homozygous/trans-heterozygous offspring flies is significantly reduced compared to the appropriate genotypes containing the P(w ϩ Dv mod(mdg4) 11.5kb NotI) transgene. Also fertility of female offspring is significantly reduced in the presence of the P(w ϩ Dv mod(mdg4) 6.8kb NotI-XbaI) D. virilis transgene in contrast to the appropriate females containing the longer transgene.
Chimeric mod(mdg4) transcripts are generated by mRNA trans-splicing of D. melanogaster and D. virilis premRNAs: Recently, we have shown that trans-splicing of mod(mdg4) pre-mRNAs is not restricted to the isoforms encoded by opposite DNA strands but also includes isoforms expected to be produced exclusively by cissplicing (Dorn et al. 2001) . This suggests that transsplicing should be the general mechanism to produce all mod(mdg4) transcripts. Additionally, the rescue ability of the D. virilis P(w ϩ Dv mod(mdg4) 6.8kb NotI-XbaI) transgene indicates the generation of functional chimeric mod(mdg4) transcripts.
To experimentally prove the existence of these transcripts, we initially performed RT-PCR, which allowed us to differentiate between the chimeric and the corresponding D. virilis transcripts (schematically shown in Figure 4 ). We chose the most proximal isoform, mod (mdg4)-64.2, which is encoded by the same strand as the common exons, and deduced a forward primer (ex4-virF), which exclusively hybridizes to common exon 4 of D. virilis mod(mdg4) and a backward primer (64.2-B-RT), hybridizing to the specific exon mod(mdg4)-64.2 of D. melanogaster (cf. Figure 2) . The latter primer, despite three nucleotide substitutions, hybridizes to the orthologous D. virilis exon at the annealing temperature used (cf. materials and methods). The two orthologous mod(mdg4)-64.2 specific exons contain several nucleotide substitutions within the amplified region, which includes the position of a single PvuII restriction site ( Figure 4A from females containing one copy of the second chro-mosomal or the third chromosomal P(w ϩ Dv mod(mdg4) 11.5kb NotI) transgene was used as template for RT-PCR ( Figure 4B , lanes 5 and 6, respectively). Also in 3-P(w 
02
, fragments of the expected size were obtained and sequencing revealed the expected chimeric cDNAs. This result suggests that obviously all Mod(mdg4) isoforms can be produced by interspecies trans-splicing. We conclude that important features involved in trans-splicing of mod(mdg4) are evolutionary conserved between D. melanogaster and D. virilis.
The semiquantitative RT-PCR experiments described above do not allow an accurate estimation of the fre- of rp49 ( Table 2 ). The two specific D. melanogaster iso- (Gerasimova et al. 1995; Bü chner et al. 2000) and therefore to be expected dogenous transcript (0.021/0.451, Table 2 ). These results indicate that chimeric transcripts are produced at at significantly higher expression levels compared to most other mod(mdg4) isoforms. However, if trans-splica significant level. The frequency of chimeric mod(mdg4)-64.2 is in a similar range as determined by analyzing ing is the main mechanism for generating all mod(mdg4) isoforms (Dorn and Krauss 2003) , the transcript conindividual RT-PCR clones. Next we performed the same RT-PCR experiments taining common exons 1-4, which is used as splice donor for all isoforms, should be expressed at a high level.
using RNA isolated from w
1118
; P(w ϩ Dv mod(mdg4) 6.8kb NotI-XbaI)/P(w ϩ Dv mod(mdg4) 6.8kb NotI-XbaI) females. Next we used RNA isolated from w 1118 females containing two copies of the third chromosomal P(w ϩ Dv Expression of D. virilis and the endogenous common exons as well as endogenous isoforms mod(mdg4)-64.2 mod(mdg4) 11.5kb NotI) transgene as template for realtime qRT-PCR. The endogenous D. melanogaster comand -67.2 is decreased compared to P(w ϩ Dv mod(mdg4) 11.5kb NotI) transgenic females. The ratio of the two mon exons are expressed at almost the same level (75.6, Table 2 ) as in the control females, whereas the transcorresponding chimeric transcripts is increased approximately twofold (3.8 and 11.7%, respectively). This ingenic D. virilis common exons (59.2) are expressed at a slightly lower level (Table 2 ). In these transgenic females crease could be explained by the absence of the D. virilis specific exons in the short transgene trapping the isoform mod(mdg4)-64.2 is expressed from the endogenous mod(mdg4) locus and from the D. virilis transa significant fraction of the common exons as splice donor. gene. Whereas expression of the D. melanogaster isoform is decreased by a factor of 2 compared to control feWe conclude from these experiments that proteins produced from chimeric mod(mdg4) transcripts in transmales (0.314 vs. 0.667, respectively), the transgenic D. virilis orthologous isoform is increased by a factor of 2 genic P(w ϩ Dv mod(mdg4) 6.8kb NotI-XbaI) flies are sufficient to rescue viability at least partially. The improved (1.2). Isoform mod(mdg4)-67.2 is not encoded by the D. virilis transgene. Also in this case expression is decreased rescue ability of the P(w ϩ Dv mod(mdg4) 11.5kb NotI) transgene can thus be explained by the additional exin females with two copies of the P(w ϩ Dv mod(mdg4) 11.5kb NotI) transgene (0.451 vs. 0.654). It is not clear pression of the five proximal orthologous D. virilis Mod(mdg4) isoforms encoded by this transgene. whether these differences reflect changes in general transcriptional activity in both genotypes or whether Mod(mdg4) staining pattern of polytene chromosomes of mutant larvae is restored in the presence of feedback mechanisms regulating the mod(mdg4) expression are involved.
the D. virilis transgene: Previously, we demonstrated that Mod(mdg4) proteins are not detected on salivary gland To determine the ratio of chimeric transcripts, spe- Mod (mdg4) (Kassis et al. 1986; Colot et al. 1988; Hart et al. 1993; Bopp et al. 1996) . The degree of the overall conservation within coding regions The common N-terminal region, which is part of all isoforms and therefore supposed to contribute general of the antibody detecting all isoforms, the staining pattern, and the signal intensity were more variable. We functions, shows an extended identity beyond the BTB/ POZ domain. This common protein region represents were not able to perform staining of polytene chromosomes of 2-P(w ϩ Dv mod(mdg4) 6.8kb NotI-XbaI)/ϩ; about two-thirds of any of the Mod(mdg4) proteins. Gause et al. (2001) Figure 6 , lanes 3 and 4) whereas in mod(mdg4) 02 homozygotes the protein is The strong conservation of the common protein region in both Drosophila species might be the consequence absent ( Figure 6, lane 2) . The protein level is decreased in transgenic mutant larvae. However, our results indiof the evolutionarily conserved interaction with Chip and other putative interacting proteins. The N-terminal cate that proteins encoded by chimeric transcripts that are generated from pre-mRNAs transcribed from non-BTB/POZ domain is almost identical in both species. This domain was shown to mediate homo-and/or heterohomologous chromosomes can be produced in a significant amount.
dimerization (Bardwell and Treisman 1994 (Lintermann et al. 1998) . Also in this case at least two alternatively spliced isoforms containing The limited knowledge of the functional significance of the large number of mod(mdg4) isoforms and the a common N-terminal region of 400 amino acids but variable C termini have been described. However, in of chimeric transcripts in vivo. The identification of chimeric mod(mdg4) isoforms in transgenic flies clearly contrast to mod(mdg4), no significant functional differentiation between the two GAGA isoforms has been indicates that the mechanism of mRNA trans-splicing is conserved between the distantly related Drosophila described (Soeller et al. 1993; Benyajati et al. 1997) .
If specific C termini of orthologous Mod (mdg4) (Gause et al. 2001; Ghosh et al. 2001) whereas the cytologically detected protein represents the chimeric D. virilis/D. melanogaster Mod(mdg4)-67.2 protein, the unique C terminus of isoform Mod(mdg4)-56.3/ Doom interacts with the baculovirus inhibitor of apoptowhich is produced in a significant amount. In fact, the presence of considerable amounts of the full-length sis protein/IAP (Harvey et al. 1997) . The high degree of sequence identity suggests that these interactions are
Mod (mdg4) (Horiuchi et al. 2003) . Mutations main itself is not sufficient for interaction with Su(Hw) (Gause et al. 2001) , indicating the functional imporinterfering with the pairing of the lola locus reduce the in vivo trans-splicing of isoform T from 44 to 1%. tance of the strongly conserved 22 C-terminal amino acids. Also, the isoforms without the FLYWCH motif are However, the authors did not prove the consequences on a protein level. Our transgene assay clearly demonconserved as shown for Mod(mdg4)-58.0 (identity of 51% within the unique C terminus). Recently, an evolustrates that even underrepresented chimeric transcripts produced from mRNAs encoded by nonhomologous tionary analysis of several Dipteran orthologous mod (mdg4) loci revealed a significant conservation of most chromosomes can produce considerable levels of the corresponding protein. Two conclusions can be drawn from the evolutionary forms. Both the P(w ϩ Dv mod(mdg4) 11.5kb NotI) transgene, which encodes the five proximal isoforms, and the conservation of Mod(mdg4) proteins. First, the large number of isoforms is functionally important in both P(w ϩ Dv mod(mdg4) 6.8kb NotI-XbaI) transgene, encoding exclusively common exons 1-4, facilitate rescue of recesDrosophila species and second, the conservation of the unique C-terminal regions clearly points to a functional sive lethality of mod(mdg4) mutant alleles. We suppose that the rescue ability of the short transgene depends differentiation between single isoforms.
In the present study we demonstrate for the first time mainly on its capacity to produce sufficient chimeric transcripts consisting of the D. virilis common exons that along with the evolutionary conservation of the unusual gene structure of mod(mdg4) in D. virilis mRNA and the endogenous D. melanogaster specific exons, which was demonstrated at least for isoform Mod trans-splicing is also conserved in both species. We performed three different assays to prove the existence (mdg4)-67.2. However, the significantly reduced rescue
